Deletions of chromosome 3p are frequent in many types of neoplasia including neural crest tumours such as neuroblastoma (NB) and phaeochromocytoma. Recently we isolated several candidate tumour suppressor genes (TSGs) from a 120 kb critical interval at 3p21.3 de®ned by overlapping homozygous deletions in lung and breast tumour lines. Although mutation analysis of candidate TSGs in lung and breast cancers revealed only rare mutations, expression of one of the genes (RASSF1A) was absent in the majority of lung tumour cell lines analysed. Subsequently methylation of a CpG island in the promoter region of RASSF1A was demonstrated in a majority of small cell lung carcinomas and to a lesser extent in non-small cell lung carcinomas. To investigate the role of 3p TSGs in neural crest tumours, we (a) analysed phaeochromocytomas for 3p allele loss (n=41) and RASSF1A methylation (n=23) and (b) investigated 67 neuroblastomas for RASSF1A inactivation. 46% of phaeochromocytomas showed 3p allele loss (38.5% at 3p21.3). RASSF1A promoter region hypermethylation was found in 22% (5/23) of sporadic phaeochromocytomas and in 55% (37/67) of neuroblastomas analysed but RASSF1A mutations were not identi®ed. In two neuroblastoma cell lines, methylation of RASSF1A correlated with loss of RASSF1A expression and RASSF1A expression was restored after treatment with the demethylating agent 5-azacytidine. As frequent methylation of the CASP8 gene has also been reported in neuroblastoma, we investigated whether RASSF1A and CASP8 methylation were independent or related events. CASP8 methylation was detected in 56% of neuroblastomas with RASSF1A methylation and 17% without RASSF1A methylation (P=0.0031). These results indicate that (a) RASSF1A inactivation by hypermethylation is a frequent event in neural crest tumorigenesis, particularly neuroblastoma, and that RASSF1A is a candidate 3p21.3 neuroblastoma TSG and (b) a subset of neuroblastomas may be characterized by a CpG island methylator phenotype. Oncogene (2001) 20, 7573 ± 7577.
Deletions of chromosome 3p are frequent in many types of neoplasia including neural crest tumours such as neuroblastoma (NB) and phaeochromocytoma. Recently we isolated several candidate tumour suppressor genes (TSGs) from a 120 kb critical interval at 3p21.3 de®ned by overlapping homozygous deletions in lung and breast tumour lines. Although mutation analysis of candidate TSGs in lung and breast cancers revealed only rare mutations, expression of one of the genes (RASSF1A) was absent in the majority of lung tumour cell lines analysed. Subsequently methylation of a CpG island in the promoter region of RASSF1A was demonstrated in a majority of small cell lung carcinomas and to a lesser extent in non-small cell lung carcinomas. To investigate the role of 3p TSGs in neural crest tumours, we (a) analysed phaeochromocytomas for 3p allele loss (n=41) and RASSF1A methylation (n=23) and (b) investigated 67 neuroblastomas for RASSF1A inactivation. 46% of phaeochromocytomas showed 3p allele loss (38.5% at 3p21.3). RASSF1A promoter region hypermethylation was found in 22% (5/23) of sporadic phaeochromocytomas and in 55% (37/67) of neuroblastomas analysed but RASSF1A mutations were not identi®ed. In two neuroblastoma cell lines, methylation of RASSF1A correlated with loss of RASSF1A expression and RASSF1A expression was restored after treatment with the demethylating agent 5-azacytidine. As frequent methylation of the CASP8 gene has also been reported in neuroblastoma, we investigated whether RASSF1A and CASP8 methylation were independent or related events. CASP8 methylation was detected in 56% of neuroblastomas with RASSF1A methylation and 17% without RASSF1A methylation (P=0.0031). These Introduction Neuroblastoma and phaeochromocytoma are the commonest neural crest-derived tumours in children and adults respectively. Neuroblastoma is clinically variable with some tumours demonstrating spontaneous regression after little or no therapy, while other tumours have metastasized at presentation and have a poor prognosis. Familial neuroblastoma is rare and major susceptibility genes have not yet been isolated. The molecular pathology of sporadic neuroblastoma has been investigated extensively. Frequent alterations include N-myc ampli®cation and gain of genetic material at 17q23-qter. Neuroblastoma tumour suppressor genes (TSGs) have been mapped by loss of heterozygosity (LOH) studies to 1p36, 11q23 and 14q23-qter (Maris and Matthay, 1999) . In addition, about 15% of neuroblastomas demonstrate 3p allele loss (Ejeskar et al., 1998) .
Phaeochromocytoma usually present with hypertension and 90% are benign. About 10% occur in susceptible individuals and germline mutations in the RET, VHL, NF1 and SDHD genes may predispose to phaeochromocytoma (Wallace et al., 1990; Eng et al., 1996; Woodward et al., 1997; Astuti et al., 2001) . However somatic VHL and RET mutations are rare in sporadic phaeochromocytomas. Investigations of sporadic phaeochromocytomas for LOH have demonstrated frequent allele losses at 1p, 3p, 11 and 22. The incidence of 3p LOH in sporadic phaeochromocytoma is reported to be up to 50% (Zeiger et al., 1995; Vargas et al., 1997) , which is much higher than the frequency of somatic VHL inactivation, consistent with a further phaeochromocytoma suppressor gene(s) (in addition to VHL) mapping to 3p.
Distinct regions on 3p are lost frequently in lung and other sporadic cancers suggesting that multiple TSGs map to 3p. Recently, we and others identi®ed a novel 3p21.3 TSG, RASSF1, from a 120 kb interval identi®ed by four overlapping homozygous deletions in lung and breast cancer cell lines (Dammann et al., 2000; Lerman and Minna for the International Lung Cancer Chromosome 3p21.3 Tumor Suppressor Gene Consortium 2000). A CpG island in the promoter region of isoform A of RASSF1 (RASSF1A) is methylated in the majority of lung tumours and in a variable proportion of breast tumours. (Dammann et al., 2000; Agathanggelou et al., 2001; Burbee et al., 2001) . RASSF1A promoter region methylation is associated with loss of expression in tumour cell lines and expression is restored after treatment with 5'-aza-2' deoxycytidine. In addition, in vivo and in vitro studies have demonstrated that RASSF1A suppresses the growth of tumour cell lines (Dammann et al., 2000; Burbee et al., 2001) . These ®ndings establish RASSF1A as a 3p21.3 TSG.
To investigate the role of 3p TSGs in the pathogenesis of neural crest tumours we analysed phaeochromocytomas for 3p allele loss and investigated phaeochromocytoma and neuroblastoma tumors for RASSF1A inactivation. We also investigated the relationship between RASSF1A and CASP8 methylation in neuroblastoma (Teitz et al., 2000) .
3p LOH analysis and RASSF1A inactivation in sporadic phaeochromocytomas
We determined the frequency, extent and patterns of 3p loss in 41 sporadic phaeochromocytomas using 17 microsatellite markers as described in Fullwood et al. (1999 Fullwood et al. ( ) (D3S: 1304 Fullwood et al. ( , 1537 Fullwood et al. ( , 1038 Fullwood et al. ( , 1259 Fullwood et al. ( , 2431 Fullwood et al. ( , 2337 Fullwood et al. ( , 2432 Fullwood et al. ( , 2407 Fullwood et al. ( , 4597, 4604, 1621 Fullwood et al. ( , 1289 Fullwood et al. ( , 2408 Fullwood et al. ( , 1481 Fullwood et al. ( , 1284 Fullwood et al. ( , 3507, 1274 , targeted to regions containing known or putative 3p TSGs. 46% (19/41) of tumours demonstrated LOH at one or more loci, and four tumours showed LOH for all informative markers. 3p21.3 allele loss was found in 38.5% (15/39) informative tumours but two tumours with 3p21 allele loss did not show loss in other candidate TSG regions such as 3p12, 3p14 and 3p25-p26.
In view of the high frequency of 3p21.3 allele loss in phaeochromocytoma, we proceeded to investigate a subset of tumours (for which sucient DNA was available) for RASSF1A CpG island promoter methylation status as described previously , Morrissey et al., 2001 . 22% (5/23) of phaeochromocytomas demonstrated RASSF1A hypermethylation (all matching blood DNA samples were unmethylated) ( Figure 1a ). Complete digestion of the PCR products with TaqI and BstUI should have produced fragments of 92 bp, 81 bp, 31 bp and 89 bp, 83 bp, 32 bp respectively ( Figure 1c ). However, in most of the cases which were methylated the full spectrum of possible restriction enzyme digestion products were observed suggesting that there is a heterogeneity in the methylation pattern within the tumour cell population. We then sequenced ®ve individual clones from each of two methylated phaeochromocytomas to determine the precise pattern of CpG methylation within the RASSF1A CpG island. In addition to the promoter fragments demonstrating either complete CpG methylation or methylation of majority of the CpGs, there were also clones of unmethylated DNA which may be attributed to the presence of contaminating normal tissue (tumour samples were not microdissected).
Although RASSF1A mutations appear to be rare in other tumour types in which epigenetic inactivation is common (e.g., lung and breast), we proceeded to analyse six phaeochromocytomas with 3p21.3 allele loss and no RASSF1A methylation and four tumours with RASSF1A methylation and no 3p21.3 LOH (but LOH on other chromosomes) for somatic RASSF1A mutations as described in Agathanggelou et al. (2001) . No inactivating mutations were found.
RASSF1A methylation status in neuroblastoma
In view of the common neural crest lineage of phaeochromocytoma and neuroblastoma, we proceeded to determine RASSF1A promoter methylation status in 67 primary neuroblastomas analysed previously for 3p LOH (Ejeskar et al., 1998) . 55% (37/67) neuroblastomas demonstrated de novo RASS-F1A CpG island promoter methylation (Figure 1b) . To determine the pattern of CpG methylation within the fragment analysed, ®ve individual clones from two methylated tumours were sequenced. As for phaeochromocytoma the majority of the 16 CpG dinucleotides in the fragment were methylated in each tumour, but there was clearly heterogeneity in many tumours. For example for tumour NB157, clone 2 had all 16 CpGs methylated, whilst in clone 1 CpGs 10, 12 and 14 were not methylated and in clone 3 CpG 13 was not methylated. We also analysed two neuroblastoma tumour lines (SK-N-SH and SK-N-FI) for RASSF1A methylation, both tumour lines were found to be completely methylated.
To investigate the relationship between RASSF1A methylation status and 3p21.3 allele loss, we typed each tumour for LOH at D3S4604 which maps close to RASSF1A. 16% (6/37) of informative tumours demonstrated 3p21.3 allele loss. All six tumours with 3p21.3 allele loss had RASSF1A methylation. In addition, 16 tumours with no LOH at 3p21.3 were methylated at RASSF1A (®ve of these 16 tumours had loss on other chromosomes (Martinsson et al., 1997a) . The frequency of RASSF1A methylation in neuroblastomas with 3p21.3 allele loss was higher (6/6) than in tumours To investigate whether somatic RASSF1A mutations might provide a`second-hit' in neuroblastomas with RASSF1A methylation and no 3p21.3 allele loss we analysed ®ve neuroblastomas with LOH on other chromosomes (Martinsson et al., 1997a ) (we also analysed ®ve further tumours with RASSF1A methylation and no 3p21.3 loss and no loss at other chromosomes) by SSCP. However, no inactivating mutations were found.
To determine the relationship of RASSF1A promoter methylation in the neuroblastoma cell lines SK-N-SH and SK-N-FI and RASSF1A expression, we treated the cells with the demethylating agent 5-azacytidine for 7 days. 5-azacytidine treatment restored RASSF1A expression in SK-N-SH and SK-N-FI cells, but had little or no change in the expression of RASSF1C after the 5-azacytidine treatment (Figure 2 ).
CASP8 methylation status in neuroblastoma
To investigate the relationship between RASSF1A and CASP8 methylation in neuroblastoma, methylationspeci®c PCR was carried out as described by Teitz et al. (2000) . We found that 24 of 60 (40%) neuroblastomas were methylated for a CpG island located in the 5' region of CASP8 (Figure 3 ). Since none of the neuroblastomas in this study were microdissected we always saw the PCR product from the unmethylated primer sets in every tumour analysed. Nineteen of 34 neuroblastomas with RASSF1A methylation also demonstrated CASP8 methylation but only four of 24 neuroblastomas without RASSF1A methylation demonstrated CASP8 methylation (P=0.0031).
Neuroblastoma stage, prognosis and RASSF1A methylation status
We compared the RASSF1A methylation status in our tumour series to the results of investigations to determine N-myc ampli®cation, 1p allele loss and 17q gain reported previously (Martinsson et al., 1997a) . No correlation was detected between RASS- (7) of 5 mM 5-azacytidine for 7 days. RT ± PCR primers and conditions described in Burbee et al., 2001 F1A methylation and the presence or absence of any these parameters and no clear association between RASSF1A methylation and tumour stage or survival was detected.
The RASSF1A TSG is epigenetically silenced by promoter methylation in many tumour types (Dammann et al., 2000; Agathanggelou et al., 2001; Burbee et al., 2001; Morrissey et al., 2001) . We found that RASSF1A was methylated in the majority of primary neuroblastomas analysed and demonstrated that RASSF1A promoter methylation is associated with transcriptional silencing (of RASSF1A but not RASSF1C) in SK-N-SH and SK-N-FI neuroblastoma cell lines. As in most other tumour types in which RASSF1A methylation has been reported, there was no evidence that somatic RASSF1A mutations are a frequent event in neuroblastoma or phaeochromocytoma. All 6 neuroblastomas with 3p21.3 allele loss also demonstrated RASSF1A methylation of the remaining allele consistent with Knudson's two hit model of tumorigenesis and with RASSF1A being the major 3p21.3 neuroblastoma TSG. However, many neuroblastomas with RASSF1A methylation did not show 3p21.3 LOH. This diers from lung cancer in which most small cell lung carcinomas (SCLC) with RASSF1A methylation also have 3p21.3 LOH. The presence of contaminating normal tissue in neuroblastoma tumors makes it dicult to determine whether RASSF1A methylated tumour cells have biallelic or monoallelic methylation. However, two neuroblastoma cell lines showed evidence of complete RASSF1A methylation consistent with homozygous inactivation by biallelic methylation or monoallelic methylation and allele loss. There is increasing evidence that TSG haploinsuciency may promote tumourigenesis per se without the need for a second hit. Unfortunately neuroblastomas and phaeochromocytomas (n=20) with RASSF1A methylation and no 3p21.3 LOH were not informative at RASSF1A promoter SNPs so it was not possible to determine directly whether tumour methylation was bi-or monoallelic.
Recently CASP8 was shown to be frequently inactivated in neuroblastomas by DNA methylation and gene deletion (Teitz et al., 2000) . In our series of neuroblastomas we detected CASP8 methylation in 40% of neuroblastomas and demonstrated a signi®cant correlation between RASSF1A and CASP8 methylation (P=0.0031), suggesting that a subset of neuroblastoma might have a CpG island methylator phenotype (CIMP) as described in colorectal cancer (Toyota et al., 1999) . Further studies are required to determine if CIMP is one of the major pathways that contribute to neuroblastoma tumorigenesis. Such a ®nding would be signi®cant because of the potential to develop novel forms of therapy with demethylating agents.
Phaeochromocytoma and neuroblastoma are both derived from the neural crest. Phaeochromocytomas arise from chroman cells derived from primitive cells of the neural crest that migrate into the paravertebral sympathetic ganglia and from there into the adrenal primordium, whilst neuroblastomas are composed of histologically primitive neuronal cells. Gene expression patterns in neuroblastoma and phaeochromocytoma re¯ect the diering origins of the tumours (particularly for undierentiated neuroblastomas) (Hoehner et al., 1998) . We note that although 3p allele loss is reported more frequently in phaeochromocytoma than in neuroblastoma, RASSF1A methylation was more common in the latter. The patterns of 3p allele loss in phaeochromocytoma suggested that multiple 3p TSGs may contribute to tumour development, whereas RASSF1A appears to have a major role in neuroblastoma. RASSF1A methylation is frequent in SCLC, but the existence of further 3p SCLC TSG(s) is indicated by the ®nding of homozygous deletions at 3p12 in SCLC cell lines (Latif et al., 1992; Sundaresan et al., 1998) . We note that one phaeochromocytoma without 3p21.3 allele loss did demonstrate 3p12 LOH within the 3p12 critical interval. Alternatively RASS-F1A haploinsuciency (by 3p21 allele loss) might promote phaeochromocytoma tumourigenesis without the need for a`second hit'.
RASSF1 has a predicted RAS association domain and was recently shown to be an eector of ras both in vivo and in vitro studies (Vos et al., 2000) . Evidence for other putative functions, e.g. a phosphorylation target for ATM (Kim et al., 1999) , have been suggested and the RASSF1A isoform that is methylated in various tumour types, also contains a predicted diacylglycerol (DAG) binding domain homologous to that found in the related gene NORE1. Inactivation of RASSF1A in neural crest tumours is consistent with other evidence implicating aberrations of RAS signalling pathways in neuroblastoma and phaeochromocytoma. Thus germline mutations and somatic mutations in NF1 gene can be associated with phaeochromocytoma and neuroblastoma and the NF1 protein, neuro®bromin, downregulates RAS signaling by GTPase activity (Martinsson et al., 1997b; Klose et al., 1998; Hiatt et al., 2001) . In addition, although RAS gene mutations are uncommon in neuroblastoma (Moley et al., 1991) , Figure 3 Methylation-speci®c PCR for the detection of CASP8 methylated and unmethylated sequences in primary neuroblastoma samples. The primers speci®c for methylated and unmethylated sequences and PCR conditions are from Teitz et al., 2000. The neuroblastoma sample number is on top, both methylated and unmethylated CASP8 alleles are seen in all cases. Size of the PCR product corresponding to methylated CASP8 alleles (321 bp) and unmethylated CASP8 alleles (322 bp) are on the left margin of each panel RASSF1A methylation in phaeochromocytomas and neuroblastomas D Astuti et al multiple lines of evidence suggest that the RAS signalling pathway is an important modulator of cell growth and dierentiation and expression of RAS proteins has been associated with a good prognosis in neuroblastoma (Tanaka et al., 1998) . We have demonstrated that RASSF1A is inactivated frequently in early and late stage neuroblastomas. This ®nding provides opportunities to develop novel forms of therapy by reversing RASSF1A methylation silencing or correcting the eects of RASSF1A downregulation on RAS signal transduction pathways. The high frequency of RASSF1A inactivation by promoter region hypermethylation in neuroblastoma suggests that it is the critical 3p TSG involved in neuroblastoma development.
